Ultrasonic driven wireless charging technology has recently attracted much attention in the next generation bioimplantable systems; however, most developed ultrasonic energy harvesters are bulky and rigid and cannot be applied to general complex surfaces. Here, a flexible piezoelectric ultrasonic energy harvester (PUEH) array was designed and fabricated by integrating a large number of piezoelectric active elements with multilayered flexible electrodes in an elastomer membrane. The developed flexible PUEH device can be driven by the ultrasonic wave to produce continuous voltage and current outputs on both planar and curved surfaces, reaching output signals of more than 2 Vpp and 4 µA, respectively. Potential applications of using the flexible PUEH to charge energystorage devices and power commercial electronics were demonstrated. Its low attenuation performance was also evaluated using the in vitro test of transmitting power through pork tissue, demonstrating its potential use in the next generation of wirelessly powered bio-implantable micro-devices.
Introduction
Bio-implantable devices have recently attracted much interest due to their wide applications for millions of patients in various scenarios, such as high-density neural stimulation, cardioverter defibrillators, artificial retinas, pacemakers, etc. [1] [2] [3] . The advancements in current battery technology for bio-implantable devices have led to significant improvement in storage capacity and size reduction. However, the battery life is still limited to a few years and the surgeries for periodic replacement of the batteries will extend hospitalization time and expose patients to health risks such as high morbidity or even mortality [4, 5] . The lifetime of batteries needs to be prolonged or an alternative technology that can eliminate the battery replacement from implants is required. Self-powered bio-implantable systems based on piezoelectric effect have been studied before that can to diminish the medical burden of replacements of batteries and costs for patients [6, 7] . These systems integrate energy harvesting devices inside human body and generate electric power from periodical biomechanical movements (including muscle contraction/relaxation, cardiac/lung motions, and blood circulation) or external sources outside human body (e.g., inductive power transfer and acoustic energy transfer) [6, 8] . Compared to the energy harvesting from internal organ movement, the external sources provide adaptable and stable output power regardless of body size, implanted location, and organ shape. For example, Wang et al. have reported a ZnO nanowire-based nanogenerator device, which can be driven by ultrasound to produce continuous direct-current output for bio-implantable application [9] .
The surfaces of organs in human body such as lung, brain, eye, and heart are always concave-convex. Conventional bio-implantable energy harvesting devices are mostly rigid; hence they are limited for such organs inside human body due to incongruent contact with the corrugated and curved surfaces of the organs [7, 10, 11] . In order to solve this problem, recent efforts have focused on developing flexible piezoelectric energy harvesters that mainly used the organic piezoelectric thin-film or embed piezoelectric ceramic nanoparticles into polymer substrates [6] [7] [8] [12] [13] [14] [15] [16] [17] . The organic piezoelectric films possess good flexibility. However, the polymer piezoelectrets (mainly polyvinylidene fluoride (PVDF) and its copolymer films) are not suitable to serve as energy harvesters due to their low electromechanical coupling factors (a parameter characterizing the coupling between electrical energy and mechanical energy) and low permittivities [18, 19] . Although the piezoelectric ceramic nanoparticles possess superior electromechanical performance and ease of processing [20] [21] [22] [23] , their piezoelectricity will be greatly reduced when they are embedded into polymer substrates [24, 25] . This is attributed to the inhomogeneous distribution of ceramic nanoparticles in the matrix due to agglomeration. Surface modification of ceramic nanoparticles was performed for the homogeneous distribution in polymer matrix [15] , but the difficulties mainly lie in the efficient polarization of the prepared composites to address the insulation characteristics of substrates. That is, the ceramic nanoparticles are not effectively polarized as the polarization voltage is mostly applied on the polymer matrix due to the large difference of dielectric constants between ceramic nanoparticles and polymer matrix [26] . The aforementioned shortcomings represent a bottleneck for the development of advanced piezoelectric energy harvesters, especially ultrasonic energy harvesters, which requires a combination of superior conversion efficiency and desirable flexibility to allow them being applied to general complex surfaces.
In this work, a membrane-based flexible piezoelectric ultrasonic energy harvester (PUEH) array was proposed, which enables bio- implantable wireless charging via ultrasound and can work effectively on general curved surfaces. The developed device employs an array of thin and high-performance PZT/epoxy 1-3 piezoelectric composites as harvester elements; it also uses double layer wavy copper wires as flexible electrical interconnects and an elastomer membrane as the encapsulation material. Consequently, the piezoelectric elements are effectively polarized and the device keeps flexibility with wavy copper wires. With these unique characteristics, the PUEH device can obtain excellent output signals when working on both planar and curved surfaces. The output voltage, current, power efficiency, etc. of the PUEH device were systematically studied during the energy transfer process. Potential applications of using the PUEH device to charge energy-storage devices and power commercial electronics were also demonstrated. Finally, the in vitro test of the device indicates that the proposed PUEH can serve as a wireless power supply for various bioimplantable systems.
Design and analysis
The schematic of the device structure is illustrated in Fig. 1A . The piezoelectric elements as the core components for PUEH device are arranged in a 7 × 7 array, connected by a wavy structured matrix of microscale copper wires (the schematic fabrication processes are shown in Fig. S1 in Supplementary material). Although the strain of the components themselves is limited, the wavy bridges can stretch and compress to accommodate the externally applied strain ( Fig. 1C and E) . Therefore, the matrix is rigid locally but soft globally. All piezoelectric elements in the matrix are connected in parallel. Fig. 1B displays the exploded view of a piezoelectric element. The polydimethylsiloxane (PDMS) elastomer thin films as both the superstrate and substrate offer a compatible platform to accommodate a diverse class of building blocks, such as flexible electrodes, piezoelectric elements, backing layers, and silver paste [27] . The whole thickness of the flexible PUEH device is about 2 mm.
Piezoelectric PZT/epoxy 1-3 composite is selected as the active material of the elements in the energy harvester ( Fig. 1D and Fig. S2 ). Compared with the isotropic lead zirconate titanate (PZT) bulk ceramics, the anisotropic 1-3 composites exhibit superior electromechanical coupling factors (longitudinal length mode) that enable the conversion between mechanical energy and electrical energy [28, 29] . Conductive silver paste (E-Solder 3022) is chosen as the backing material ( Fig. 1D and E) , serving to support and protect the piezoelectric elements. The conductive silver paste is also used to build robust and electrically conductive piezoelectric elements/flexible metal electrodes interfaces. However, it is very challenging to obtain a flexible array through a traditional electrode to connect a large number of elements.
To successfully connect 49 harvester elements and ensure the flexibility of the device, a wavy electrode design was utilized based on the "helical-structured" method as inspired by Qilin Hua et al. for skin-inspired highly stretchable and conformable matrix networks [30] . Multilayered flexible electrodes have also been demonstrated [29, 31, 32] , and this work consists of two layers of wavy electrodes (100 µm in diameter) with intersection in each layer (Fig. 1C, E and Fig. S3 ). All 49 piezoelectric elements are well aligned and distributed into the two layers. Thus, the PUEH array combines the advantages of both 1-3 composites and flexible devices, improving energy conversion efficiency and usability. On one hand, the gap between adjacent harvester elements should be narrow enough to improve the acoustic energy obtained per unit area. On the other hand, enough space between the piezoelectric elements should be assigned to the wavy interconnects for adequate flexibility. Based on the above two factors, a pitch of 3 mm as a preferred size (1.5 × 1.5 mm 2 element footmark with a gap of 1.5 mm) was adopted in the PUEH array. This pitch design has been validated by our test results. The flexible PUEH array generated considerable output signals (~2 Vpp and~4 μA) and over 90 degrees bending of the device was achieved. The as-manufactured device is shown in Fig. 1F -H and Fig. S4 , showing flexible mechanical properties that can be seamlessly bonded on the curved surfaces and achieve a curvature of over 90 degrees. Details of material characterizations and fabrication processes are provided in the Section 5.
Results and discussion
The composite material might be superior by combining the desirable properties of two different phases. This concept has proven to be quite useful in designing composite materials composed of PZT and piezoelectrically inactive polymers (refer to the schematic shown in Fig. 2B ) [28, 33, 34] . Fig. 2A shows the microstructure of the 1-3 composite used in this work, demonstrating a defect-free rod array with uniform periodically ordered structure and dense grain accumulation. The longitudinal ultrasonic waves propagated from the top were received by using the thickness extension mode resonance (Fig. 2D) . In this mode, the PZT rods in the 1-3 composite vibrate in the fundamental length longitudinal 33 mode with the efficiency determined by the unclamped piezoelectric coupling factor k 33 [35] . The resonance of the 1-3 composite elements acting as an energy harvesters corresponding to the 33 mode of the PZT rods will be referred to as longitudinal length mode resonance. As illustrated in Fig. 2E and F, the electrical impedance and phase angle spectra of one piezoelectric element and 7 × 7 PUEH array are measured, respectively, from which the electromechanical coupling factor k (k 33 ) of the bulk PZT-5H material (see Table S1 in Supporting information for the detailed material parameters) [36] . These results indicate the outstanding properties of our energy harvesting device.
According to the design, the PUEH device can be regarded as being composed of parallel-connected oscillator arrays. Under the load of acoustic pressure, all the oscillators vibrate independently along the longitudinal direction. Each oscillator unit can be considered as the current source. The equivalent circuit model for the harvester is shown in Fig. S5 . Thus, the total impedance of the harvester Z t can be determined as:
where Z j is the impedance of the oscillator unit R j . The calculated result (10-30 Ω) is consistent with the above measured results (Fig. 2E and F) , indicating a good connection of the 49 piezoelectric elements in parallel. The output current I O and output voltage V O can be respectively derived as [37, 38] : . In the above equations, P is the acoustic pressure amplitude applied on the upper surface of the harvester. Z L is the load. c 33 , e 33 , and e 33 are the effective elastic, piezoelectric, and dielectric constants of the 1-3 piezoelectric composite, respectively. ρ, ω, and ξ are the effective mass density, angular frequency, and wave number, respectively. h j and S j are the thickness and area of the oscillator unit R j , respectively. To better understand how the device works, a simulation for the piezoelectric potential generated with one element (1-3 composite) placed in the acoustic field is carried out by a finite element analysis (FEA) method using Comsol Multiphysics software, as illustrated in Fig. 2H . Since the device is located in the acoustic medium (refer to the schematic shown in Fig. 2G ), the strain occurs inside the piezoelectric layer during ultrasound propagation. The material parameters required for the simulation are listed in Table S1 . The absolute value of piezoelectric potential distribution of 1-3 composite is indicated by the color bar, as shown in Fig. 2H . The finite element analysis results show that a 1-3 composite-based PUEH device can convert output piezopotential from ultrasonic energy. The mechanism for the generation of electrical energy from the PUEH device is demonstrated in Fig. 2D and Video S1, which indicates that piezoelectric composite converts acoustic pressure to an electrical potential. When the 1-3 composite is subjected to the mechanical deformation by an acoustic pressure, the piezoelectric potential is produced between the top and bottom electrodes because of aligned dipoles in the piezoelectric material (Fig. 2C) . Due to the epoxy in between and the PDMS insulating layers, electrons can flow through the external circuit to balance the field made by the dipoles and accumulate at the interface of the top electrodes [6] . This behavior generates electrical signals of voltage and current. When the 1-3 composite is subjected to reverse acoustic pressure, the strain and the piezoelectric potential are reversed. Subsequently, the accumulated electrons flow back to the bottom electrode through the external circuit, which induces electrical signals in the opposite direction [6] .
Supplementary material related to this article can be found online at doi:10.1016/j.nanoen.2018.11.052.
The principle of the PUEH device can be regarded as a hydrophone that converts acoustic signals into electrical signals. Receiving is a nonresonant application: hydrophones work well over the entire band below their resonance point (for our device is~4 MHz) [39] . In addition to the sensitivity of the PUEH device itself, output signals also depend on the strong acoustic signals generated by the ultrasonic transmitter. To effectively transmit acoustic signals to drive the PUEH device, a low-frequency PZT bulk transducer as the ultrasound transmitter was designed and fabricated, as shown in Fig. S6A . As a transmitter, the bulk transducer can achieve optimum electroacoustic conversion efficiency when operating near its resonant frequency.
According to the impedance spectrum (Fig. S6B ) and pulse-echo measurements (Fig. 3A, D and Fig. S6C-F) [40, 41] , the transducer used in this work possesses an optimal working characteristic at the frequency of 200-500 kHz, in which the transmitter can produce strong acoustic signals. Correspondingly, the output signals of the PUEH device driven by the ultrasound were measured over the wide frequency range (200-500 kHz). As demonstrated in Fig. 3B and E, the PUEH device obtained a maximum output voltage signal (1.2Vpp) at 350 kHz, which is in accordance with the maximum echo signal of the transmitter at 350 kHz. During the measurement, both the transmitter and the PUEH device are immersed in deionized water and the distance between them is fixed to be 23 mm, which can be identified by the time delay (~30 μs) of the echo signal [42] .
To further investigate the energy harvest characteristics of the PUEH device, we measured the output voltage and current generated from the device under different input power. First, the ultrasonic transmitter transmits 350 kHz ultrasound waves to the PUEH device in a pulsed mode (cycle: 50; trigger interval: 1 ms) (Fig. S7 ) under different input voltages (from 5 Vpp to 500 Vpp), and the corresponding acoustic intensities were measured by a hydrophone probe (see Section 5 for details). The output signals generated from the PUEH device correspond to a pulse signal and increase with the increment of input voltage, as shown in Fig. 3C and Fig. S8 . The output signal tends to saturate when the input voltage exceeds 200 V (Fig. 3C and I) . The output signal cannot obtain a significant increase when further increasing the input voltage. In this process, the thermal effects of the device and the cavitation of water caused by ultrasonic waves will increase the loss of transmission energy, resulting in reduced conversion efficiency. When the ultrasonic transmitter was driven by a sinusoidal signal with a voltage of 300 Vpp at the frequency of 350 kHz, the acoustic pressure value was measured to be 44.2 kPa. The corresponding acoustic intensity is about 65 mW/cm 2 . In this case, the efficiency was calculated to be about 0.0063% with the output power of the flexible PUEH to be 4.1 μW/cm 2 . Although the power efficiency is not high, this wireless energy transmission system is still effective to generate considerable values of output voltage (2.1 Vpp) and current (4.2 μA). The results indicate that the flexible PUEH device can compete with other bulk ultrasonic energy harvesters (see Table S2 and Fig. S9 ) [9, 10, [43] [44] [45] [46] [47] [48] , even with some traditional mechanical vibration energy harvesters [6, 8, [49] [50] [51] . To further confirm that the obtained output signals are purely introduced by the piezoelectric effect of the PUEH array, a continuous 5 Vpp 350 kHz sinusoidal signal was switched to drive the ultrasonic transmitter. Correspondingly, the measured output signal generated from the PUEH device is a continuous sinusoidal signal ( Fig. 3G and H) . Furthermore, we have characterized that no reliable signals were observed by using pure PDMS polymer without piezoelectric elements, as shown in Fig. S10 . The result indicates that the output signals are obtained from charges generated by piezoelectric material in the array during the ultrasound propagation induced vibration.
As an ultrasonic energy harvester with superior output performance, the as-fabricated PUEH device is capable of acting as a wireless power supply. For a potential utilization of our energy harvesting technology, the lighting up of commercial light-emitting diodes (LEDs) was demonstrated using the electricity generated from the PUEH device. To implement the energy rectification and storage process of the generated alternating output signals, the PUEH device was incorporated into a predesigned circuit shown in Fig. 4A . The rectified output signals ( Fig. 4B and C) using a full-wave bridge rectifier consisting of four diodes were stored by a 1000 µF capacitor. During the charging process, the voltage stored in the capacitor increased to be 270-290 mV, which was obtained through receiving the pulsed ultrasound for about 15 min (Fig. 4D and Fig. S11A ). The average charging power P C harvested by the device was determined via the method, which is given by [52] 
where C S is the capacitance of the storage capacitor, V is the final voltage on the capacitor and T is the period over which the power is calculated. Based on these measurements, the electrical power harvested by the PUEH device was calculated to be about 40 nW, which is larger than previously reported results (~20 nW) of ultrasonic energy harvester (UEH) via this method (Fig. 4E) [48, [52] [53] [54] . The voltage charged to a single capacitor is lower than the peak value of output voltage because of the low valid value of a pulse sinusoidal signal and the capacitor leakage [8, 55] . In the same way, we charged nine identical capacitors separately. By connecting the nine charged capacitors in series, the total usable voltage was increased to be 2.13 V (Fig. S11B) , which is enough to light up a commercial LED. To verify this hypothesis, a commercial LED and nine capacitors in series were integrated into a predesigned circuit demonstrated in Fig. 4F (inset) . When the switch is turned on, the electric power produced from the ultrasonic energy was successfully applied to light up a commercial green LED (Fig. 4F) . Then, the remaining electricity after lighting up the green LED was used to drive a commercial white LED, which was also lit up and lasted more than 3 s (Fig. S11C ) (see Video S2 in Supporting information for video clips of the LEDs being lit up by the electric power generated from the PUEH device). As a conclusion, the commercial microelectronic LEDs were successfully operated by electricity from the PUEH device without any external electric power sources. The results demonstrate the potential application of the PUEH device as a wireless power supply. Supplementary material related to this article can be found online at doi:10.1016/j.nanoen.2018.11.052.
For the wearable and bio-implantable applications of the wireless power supply, perfect fit for complex surfaces requires flexible mechanical properties. Here we studied the output performance by laminating seamlessly the flexible PUEH device on both concave and convex surfaces ( Fig. 5A and B, first column) . As indicated by the acoustic field simulation results, piezoelectric elements at different latitudes on curved surfaces are located in different acoustic pressure levels in the acoustic field (Fig. 5A and B, second column) . Each piezoelectric element of the PUEH device produces an inconstant or even opposite piezoelectric potential, depending on its position in the acoustic field. Consequently, the output performance of the PUEH device may be greatly reduced in the connection of elements in parallel. In this work, a 3D-axis motor system was used to adjust the direction of the ultrasonic emission and the distance between the transmitter and the receiver to optimize the output performance. The generated voltage and current signals of the PUEH device are 1.12 Vpp, 3.1 µA, and 1.07 Vpp, 2.9 µA for concave and convex surfaces, respectively ( Fig. 5A and B, third and fourth columns). These results show that the flexible PUEH device is capable of working on concave-convex surfaces and providing excellent output signals.
Finally, in vitro test of the flexible PUEH device to transmit power through a pork tissue is performed. Fig. 5C and Fig. S12 show the experimental setup, simulation and test results, in which different thicknesses of pork tissue are inserted between the transmitter and the PUEH device to mimic the different depth in the implanted tissue. The output signals do not show a significant decrease when the thickness of the inserted pork tissue increases from 0 mm to 14 mm. When the inserted pork tissue reaches a thickness of 14 mm, the generated voltage is 0.91 Vpp, which is 85% of the value (1.07 Vpp) without the presence of pork tissue. The correspondingly generated current signals are 3 µA and 2.5 µA, respectively. As far as we know, there is acoustic reflection at the interface and acoustic absorption through the medium (mainly converted to heat) during ultrasonic propagation due to the impedance mismatch between the tissue (~1.70 MRayl) and the aqueous medium (~1.50 MRayl), thereby reducing the ultrasound energy [56] . The following formula is used to compute the frequency dependent attenuation [57] :
where A f (ω) represents the part of the reflected signal which does not pass through the tissue, l is the thickness of tissue, and α( ) is the frequency dependent acoustic absorption coefficient defined by StokesKherhoff formula [58] :
In the above equations, ρ 0 is density, c is acoustic velocity, ω is frequency, is shear viscosity coefficient, χ is heat transfer coefficient, C P is constant pressure specific heat capacity, and C V is constant volume heat capacity. According to the parameters of pork lion tissue, the calculated acoustic absorption coefficient α is about 5.5 m -1 when the frequency of ultrasound is 1 MHz, indicating that the attenuation through the 14 mm pork tissue will be less than 8% when the frequency used is below 1 MHz [59] . This conclusion is roughly in accordance with the experimental results when considering the reflection portion. The proposed flexible PUEH device is capable of harvesting energy even imbedded in biological tissues, and thus can be adopted as a wireless power supply for various bio-implantable systems, such as high-density neural stimulation, cardioverter defibrillators, pacemakers, etc. [1] [2] [3] .
Conclusion
In summary, we have designed and fabricated a flexible piezoelectric ultrasonic energy harvester (PUEH), which exploits a 7 × 7 array of thin and high-performance 1-3 piezoelectric composite as active elements, and uses multilayered flexible electrodes as electrical interconnects and an elastomer membrane (PDMS) as the encapsulating material. The PUEH device can provide continuous power output through an ultrasonic energy source. The output voltage and current signals generated from the PUEH device reach 2.1 Vpp and 4.2 µA, respectively, showing higher output performance than those of the previously reported ultrasonic energy harvesters. The generated electricity can be stored in capacitors and successfully used to light up commercial LEDs without an external power source. The flexible device fits perfectly on curved surfaces and still maintains an excellent output performance. Additionally, in the in vitro test, output signals exhibit weak attenuation performance (~15%) when the mimicked implanted tissue reaches the thickness of 14 mm. Therefore, our fabricated 1-3 composite-based PUEH array is a significant breakthrough in the flexible ultrasound energy harvesting field, showing great potential in the next generation of wirelessly powered bio-implantable micro-devices.
Experimental section

Fabrication of the flexible electrodes
Flexible electrodes as electrical interconnects are a unique design in this study. The design and fabrication are shown in Fig. S3 . First, a 100 µm diameter copper wire was wrapped equidistantly around an 800 µm diameter brass rod by using a lathe (SD 400, PRAZI). Then, we removed the "helical-structured" copper wire from the brass rod and laid it flat on the water platform. After that, a polished flat ingot was used to press the straight spring-like copper wire into a flat plane to obtain the flat wavy electrodes. Finally, these wavy copper wires were linked together with solder paste to serve as the top and bottom flexible electrodes of the PUEH device.
Assembling of PUEH array and its integration with electrodes
As demonstrated in Fig. S1 , the process began with the fabrication of the backing layer after Cr/Au (50/100 nm) electrodes (NSC-3000 Sputter Coater, Nano-Master, Inc., Austin, TX, USA) have been sprayed on both sides of the piezoelectric 1-3 composite (Del Piezo Specialties, LLC). The size of each PZT pillar of the 1-3 composite was 120 × 120 µm 2 with a kerf of 60 µm ( Fig. 2A and Fig. S2B ). The conductive backing material was fabricated by mixing a silver-epoxy composite (E-Solder 3022, Von Roll Isola, New Haven, CT, USA) with a hardener Insulcure 9 (American Safety Technologies, Roseland, NJ) in a 10:0.8 ratio and then curing on the bottom side of the composite. After curing at 40 ℃ for 4 h, the backing was lapped down to about 400 µm thick. Then the whole acoustic stack was diced into small posts with aperture size of 1.5 × 1.5 mm 2 by a dicing saw (Tcar 864-1, Thermocarbon, Casselberry, FL, USA). Both the top and bottom flexible electrodes were bonded with the 7 × 7 arrayed acoustic posts by conductive silver paste ((E-Solder 3022) cured in an oven at 40 ℃ for 4 h. The gap between the sandwiched device was then filled using PDMS (Sylgard 184, Dow Corning, Corp.) and cured at 60 ℃ for 4 h. Afterward, the plastic slides were removed, yielding a freestanding flexible piezoelectric ultrasonic energy harvester (Fig. 1F) .
Characterizations and measurements
Impedance spectrums ( Fig. 2E and F) of the 1-3 composite and PUEH array were characterized by an impedance analyzer (4294A, Agilent). According to the IEEE standard on piezoelectricity [60] , the electromechanical coupling factor, k 33 (longitudinal length mode electromechanical coupling factor of a material) and k eff (effective electromechanical coupling factor of a device), describing the conversion efficiency between mechanical energy and electrical energy, were determined by 
where the f r and f a are the resonant frequency and anti-resonant frequency, respectively. The capacitance and dielectric loss were measured by an inductance-capacitance-resistance (LCR) digital bridge machine (QuadTech, Inc.). A summary of some important acoustic and piezoelectric properties of the composite is shown in Table S1 . The Output signals of the PUEH device were measured by a multifunctional setup (Fig. S13) . A bulk PZT transducer as the ultrasonic transmitter was mounted on a 3D-axis holder (OptoSigma, Corp.) and immersed in a tank filled with deionized water. The PUEH device was placed about 23 mm away from the transmitter as a receiver. The transmitter was triggered by an input sinusoidal signal, which was given by a function generator (AFG3252C, Tektronix) and then amplified by an amplifier (75A250A, Amplifier Research). The output voltage and current signals generated from the PUEH device were measured by a digital oscilloscope (TDS 5052, Tektronix) with an internal impedance of 1 MΩ and a source measurement unit (2400, Keithley), respectively. The acoustic pressure output of the ultrasonic transmitter has been measured in the water tank with a hydrophone probe (HGL-1000, ONDA, Inc.) placed at 23 mm distal to the ultrasonic transmitter. Acoustic intensity can be calculated from the measured pressure by the following equation [10] :
where I is the acoustic intensity, P is the acoustic pressure and Z is the acoustic impedance (for aqueous medium, Z is about 1.50 MRayl).
